It is now clear that many neuronal populations release more than one classical neurotransmitter, yet in most cases the functional role of corelease is unknown. Striatal cholinergic interneurons release both glutamate and acetylcholine, and vesicular loading of glutamate has been shown to enhance acetylcholine content. Using a combination of optogenetics and whole-cell recordings in mice, we now provide physiological evidence that optogenetic stimulation of cholinergic interneurons triggers monosynaptic glutamate-and acetylcholinemediated currents in striatal fast-spiking interneurons (FSIs), both of which depend on the expression of the vesicular glutamate transporter 3 (VGLUT3). In contrast to corticostriatal glutamatergic inputs onto FSIs, which are mediated primarily by AMPA-type glutamate receptors, glutamate release by cholinergic interneurons activates both AMPA-and NMDA-type glutamate receptors, suggesting a unique role for these inputs in the modulation of FSI activity. Importantly, we find that the loss of VGLUT3 not only markedly attenuates glutamatergic and cholinergic inputs on FSIs, but also significantly decreases disynaptic GABAergic input onto medium spiny neurons (MSNs), the major output neurons of the striatum. Our data demonstrate that VGLUT3 is required for normal cholinergic signaling onto FSIs, as well as for acetylcholine-dependent disynaptic inhibition of MSNs. Thus, by supporting fast glutamatergic transmission as well as by modulating the strength of cholinergic signaling, VGLUT3 has the capacity to exert widespread influence on the striatal network.
Introduction
Many neuronal populations release multiple fast neurotransmitters (for review, see Hnasko and Edwards, 2011) , which has the potential to increase the temporal complexity of neural coding (Lee et al., 2010; Ren et al., 2011) or vesicular neurotransmitter content (Gras et al., 2008; Hnasko et al., 2010) . Nevertheless, the functional role of multitransmitter signaling in most cases is still unknown.
Identification of the vesicular glutamate transporters (VGLUTs) has greatly enhanced our ability to identify glutamatergic neurons, including many unexpected populations Hnasko and Edwards, 2012) . The three VGLUT isoforms have a largely mutually exclusive distribution. VGLUT1 and 2 are the predominant isoforms (Fremeau et al., 2001; ), while VGLUT3 is expressed sparsely, often in neurons better known for releasing a different classical transmitter. These include rostral raphe serotonergic neurons and striatal cholinergic interneurons (Fremeau et al., 2002; Gras et al., 2002) . In cholinergic interneurons, VGLUT3 and the vesicular acetylcholine transporter (VAChT) are localized to the same synaptic vesicles, consistent with the idea that cholinergic interneurons release both transmitters in vivo (Gras et al., 2008) . Indeed, optogenetic activation of striatal cholinergic interneurons triggers glutamatergic currents in striatal medium spiny neurons (MSNs; Higley et al., 2011) . In addition, VGLUT3 may enhance vesicular loading of acetylcholine. A reduction in radiolabeled acetylcholine loading was observed in VGLUT3 knock-out (KO) striatum in brain slices, indicating a potential role for glutamate transport in vesicular acetylcholine content (Gras et al., 2008) . However, physiological measurements of the impact of glutamate copackaging on the striatal microcircuit are lacking.
Electron microscopy studies demonstrated that cholinergic interneurons contact MSNs as well as parvalbumin-positive interneurons (Chang and Kita, 1992) , which correspond physiologically to fast-spiking interneurons (FSIs) . Though small in number, FSIs provide potent inhibitory input to numerous MSNs (Koó s and Tepper, 1999; Gittis et al., 2010) . A pharmacological study in striatal slices further suggested that cholinergic signaling regulates FSIs and their synaptic output (Koó s and Tepper, 2002) . Here, we take advantage of optogenetics and patchclamp electrophysiology to examine the synaptic relationship between these two sparse populations in a more physiological context.
Materials and Methods
Animals. Lhx6-GFP and ChAT-Cre mice (both from GENSAT; www. gensat.org) were crossed to yield ChAT-Cre::Lhx6-GFP mice. VGLUT3 KO mice (Seal et al., 2008) were bred separately to generate ChAT-Cre::Lhx6-GFP::VGLUT3 KO mice. We used mice of either sex on a C57BL/6 background.
Surgery. Stereotaxic surgeries were performed at 4 -6 weeks of age. Anesthesia was induced with intraperitoneal ketamine/xylazine and maintained with inhaled isoflurane (1%). ChAT-Cre::Lhx6-GFP mice were injected with AAV2/1-DIO-ChR2-mCherry (1-2 l) in the dorsal striatum (ϩ0.8 mm anterior, Ϫ 1.5 mm lateral, and Ϫ2.3 mm inferior from bregma). Lhx6-GFP mice were injected with AAV5-hSyn-ChR2-YFP (1 l) in the bilateral primary motor and sensory cortices (coordinates ϩ0.5 and ϩ1.5 anterior, Ϯ 2 lateral, 0.7 mm inferior from bregma).
Histology. Two to three weeks following injections, mice were deeply anesthetized with intraperitoneal ketamine-xylazine and transcardially perfused with PBS, followed by 4% paraformaldehyde in PBS. Brains were postfixed overnight and placed in 30% sucrose at 4°C for 2-3 d to cryoprotect. Coronal slices were cut (30 m) and blocked in 10% normal donkey serum (NDS) and 1% Triton X-100 (Triton) in PBS for 1 h. Primary antibody (Millipore AB144P Anti-ChAT) was added 1:500 in 5% NDS and 1% Triton in PBS overnight at 4°C. After washing with 0.5% Triton-PBS, slices were incubated with DyLight 649-conjugated donkey anti-goat secondary antibody (Jackson ImmunoResearch) for 2 h at room temperature (RT), washed, and mounted with Prolong Antifade Gold (Invitrogen).
Physiology. Two to four weeks following stereotaxic virus injection, mice were deeply anesthetized with isoflurane, decapitated, and the brain removed in ice-cold sucrose solution containing the following (in mM): 79 NaCl, 23 NaHCO 3 , 68 sucrose, 12 glucose, 2.3 KCl, 1.1 NaH 2 PO 4 , 6 MgCl 2 , and 0.5 CaCl 2 . Mounted on a submerged chuck, sequential coronal slices (300 m) were cut on a vibratome (Leica) and transferred to a chamber of warm (33°C) carbogenated ACSF containing the following (in mM) 125 NaCl, 26 NaHCO 3 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , and 12.5 glucose for 30 min. Slices were stored in carbogenated ACSF at RT and submerged in a chamber superfused with carbogenated ACSF at 31Ϫ33°C for recordings.
For recordings, the zone of maximal mCherry fluorescence within the dorsal striatum was chosen. Cholinergic interneurons showed mCherry fluorescence and large somata under DIC optics. FSIs showed Lhx6-GFP fluorescence, and typical physiological properties (Gittis et al., 2010) . MSNs had nonfluorescent cell bodies. Neurons were patched in wholecell current-clamp or voltage-clamp configuration using glass electrodes (3-5 M⍀) filled with potassium methanesulfonate-based (currentclamp) or cesium methanesulfonate-based (voltage-clamp) internal solution containing the following (in mM), respectively: 130 KMeSO 3 or CsMeSO 3 , 10 NaCl, 2 MgCl 2 , 0.16 CaCl 2 , 0.5 EGTA, 10 HEPES, 2 Mg-ATP, and 0.3 Na-GTP or 120 CsMeS0 3 , 15 CsCl, 8 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, and 5 QX-314. In experiments assessing the voltage dependence of EPSCs, spermine (0.1 mM) was included. For experiments measuring disynaptic IPSCs, the high-chloride, cesiumbased internal solution contained the following (in mM): 120 CsCl, 15 CsMeSO 3 , 8 NaCl, 0.5 EGTA, 10 HEPES, 2 Mg-ATP, 0.3 Na-GTP, and 5 QX-314. Membrane potential was not corrected for the liquid junction potential.
Channelrhodopsin-2 (ChR2) was activated by 5 ms field illuminations through the 40ϫ microscope objective using a mercury arc lamp (100 W) gated with a TTL-controlled shutter (Uniblitz). The filter cube contained a D470/40ϫ excitation filter and cold mirror. Illumination intensity was adjusted to 1-3 mW, measured at the brain slice by adjustment of the aperture stop. Light pulses were delivered every 20 s.
Drugs. All drugs were prepared as concentrated stock solutions and diluted in ACSF for each experiment. NBQX (Tocris Bioscience) was prepared in DMSO (Sigma), while APV (Tocris Bioscience), scopolamine (Sigma), mecamylamine (Tocris Bioscience), methyllycaconitine (Sigma), and picrotoxin (Sigma) were dissolved in water.
Statistics. All data are mean Ϯ SEM. Comparisons were made using the Student's t test, using neurons pooled from multiple mice.
Results
We used an optogenetic approach to investigate the corelease of glutamate and acetylcholine by striatal cholinergic interneurons onto FSIs. ChR2 fused to the fluorescent reporter mCherry was targeted to cholinergic interneurons by injecting the Credependent virus AAV-DIO-ChR2-mCherry into the dorsal striatum of choline ChAT-Cre mice. Immunohistochemistry demonstrated selective expression of ChR2-mCherry in ChATpositive striatal neurons (Fig. 1A) .
To physiologically confirm ChR2 expression in cholinergic interneurons, we performed whole-cell current-clamp recordings of mCherry-positive neurons in acute striatal slices. These neurons showed intrinsic properties typical of cholinergic interneurons, including spontaneous action potential firing and a voltage sag with hyperpolarizing current (Fig. 1B) . To test ChR2 function, brief (5 ms) blue light (470 nm) pulses were delivered to the slice and mCherry-positive neurons fired single action potentials in response to each light pulse (Fig. 1B) .
To target FSIs for whole-cell recordings, we used Lhx6-GFP mice, which express the green fluorescent reporter in a subset of GABAergic interneurons, including striatal FSIs (Gittis et al., 2010) . Optogenetic activation of cholinergic interneurons with blue light pulses triggered depolarizing postsynaptic potentials (PSPs) in FSIs ( Fig. 1C,D ; 4.0 Ϯ 1.6 mV, n ϭ 5 neurons; n ϭ 3 mice). The PSPs likely have a cholinergic component, but may also include monosynaptic glutamatergic and disynaptic GABAergic components, similar to those found in MSNs (Witten et al., 2010; English et al., 2011; Higley et al., 2011) . Subsequent recordings were performed in the presence of the GABA A antagonist picrotoxin to block disynaptic GABAergic responses, which produced a PSP of 1.2 Ϯ 0.2 mV (Fig. 1C,D ; n ϭ 15 neurons; n ϭ 6 mice). In additional experiments, we isolated cholinergic and glutamatergic components using a mixture of either cholinergic antagonists (scopolamine, mecamylamine, and methyllycaconitine) or glutamatergic antagonists (NBQX and APV), respectively. The presumed cholinergic component measured 0.4 Ϯ 0.1 mV ( Fig. 1D ; n ϭ 12 neurons; n ϭ 4 mice), and was blocked by the addition of cholinergic antagonists, while the presumed glutamatergic component measured 0.5 Ϯ 0.1 mV ( Fig. 1D ; n ϭ 6 neurons; n ϭ 3 mice), and was blocked by the addition of glutamate receptor antagonists. These experiments indicate that optogenetic stimulation of cholinergic interneurons depolarizes FSIs, a portion of which is glutamate mediated.
To further characterize light-activated glutamatergic responses, we performed voltage-clamp recordings of FSIs in the presence of cholinergic and GABAergic antagonists. At hyperpolarized holding potentials, light pulses elicited EPSCs measuring 12 Ϯ 1 pA ( Fig. 2A ; n ϭ 20 neurons; n ϭ 13 mice), which were abolished by glutamatergic antagonists NBQX and APV ( Fig. 2A , n ϭ 5 neurons), confirming that activation of cholinergic interneurons triggers glutamate release onto FSIs. At depolarized holding potentials, a substantial EPSC was also detected ( Fig.  2A) . To determine whether this outward current is carried by AMPA or NMDA receptors, we measured light-evoked EPSCs at different holding potentials before and after applying APV. Under control conditions, the current-voltage ( I-V) curve showed substantial outward currents at depolarized potentials, while in the presence of APV, the EPSC showed an inwardly rectifying current-voltage relationship ( Fig. 2A) . Thus, optogenetic stimulation of cholinergic interneurons results in both AMPA and NMDA receptor-mediated EPSCs in FSIs.
The substantial NMDA-mediated EPSC was surprising, as intrastriatal electrical stimulation, presumed to recruit excitatory cortical and thalamic afferents, evokes inwardly rectifying EPSCs in FSIs, with little to no NMDA-mediated component (Gittis et al., 2010) . The inwardly rectifying AMPA-mediated EPSCs are mediated by GluA2-lacking AMPA receptors on FSIs (Gittis et al., 2010 (Gittis et al., , 2011 . To verify the NMDA-mediated EPSC was not an artifact of optogenetic stimulation, we stimulated cortically derived glutamatergic inputs onto FSIs using ChR2. The sensorimotor cortices of Lhx6-GFP mice were injected with AAVhSyn-ChR2-YFP to express ChR2 in cortical neurons, some of which sent axons into the dorsal striatum. Illuminating such synaptic terminals evoked EPSCs, which were inward at hyperpolarized potentials and nearly absent at depolarized potentials (Fig.  2B) . Cortically derived light-activated EPSCs in striatal FSIs showed an inwardly rectifying I-V curve (Fig. 2B) , comparable to EPSCs generated with intrastriatal electrical stimulation. These findings suggest that glutamate released by cholinergic interneurons activates both AMPA and NMDA receptors on FSIs, while glutamate released by cortical afferents activates only AMPA receptors. The AMPA-mediated EPSC in both cases is inwardly rectifying, consistent with the presence of GluA2-lacking AMPA receptors.
While the detection of glutamate-mediated currents after optogenetic activation of cholinergic interneurons is consistent with the idea that cholinergic interneurons release glutamate, cholinergic interneurons may trigger another neuron population to release glutamate. Recent studies demonstrated that striatal dopamine terminals release glutamate (Hnasko et al., 2010) , though this appears to be confined to the nucleus accumbens (Stuber et al., 2010) . To confirm glutamate was derived from cholinergic interneurons, rather than dopamine neurons, we took advantage of the fact that these two neuron populations express different VGLUTs. Dopamine neurons express VGLUT2 (Kawano et al., 2006; Stuber et al., 2010) , while striatal cholinergic interneurons express VGLUT3 (Fremeau et al., 2002; Gras et al., 2002) . If cholinergic interneurons indeed release glutamate, light-evoked EPSCs should depend upon VGLUT3. Optogenetic activation of cholinergic interneurons in ChAT-Cre::Lhx6-GFP:: VGLUT3 KO mice did not elicit measurable glutamatergic EPSCs in FSIs ( Fig. 2C ; 0.4 Ϯ 0.2 pA, n ϭ 8 neurons; n ϭ 3 mice; p ϭ 0.0001 compared with WT). These results suggest cholinergic interneurons release glutamate monosynaptically onto FSIs.
While pharmacological studies have shown cholinergic modulation of FSIs ( Koó s and Tepper, 2002) , fast cholinergic currents in FSIs have not been measured directly. To measure nicotinic receptor-mediated neurotransmission, we recorded light-activated currents in FSIs in the presence of a drug mixture that blocked both GABAergic and glutamatergic transmission (picrotoxin, NBQX, and APV). We observed a slow inward lightactivated current averaging 14 Ϯ 5 pA with a decay of 87 Ϯ 9 ms (Fig. 3 A, B ; n ϭ 9 neurons; n ϭ 6 mice). The cholinergic EPSC was not blocked by methyllycaconitine (n ϭ 3 neurons, data not shown), but was blocked by mecamylamine ( Fig. 3A ; n ϭ 6 neurons, n ϭ 4 mice; p ϭ 0.04, paired t test), indicating that non-␣7 nicotinic acetylcholine receptors mediate the cholinergic EPSC in FSIs.
To test the hypothesis that VGLUT3 increases the amount of acetylcholine packaged and released by vesicles in cholinergic interneurons, we measured light-activated nicotinic receptormediated currents in FSIs in VGLUT3 KO mice. Interestingly, cholinergic currents in VGLUT3 KO mice measured only 1.3 Ϯ 0.4 pA (n ϭ 6 neurons; n ϭ 3 mice), compared with14 Ϯ 5 pA in WT mice (n ϭ 9 neurons; n ϭ 4 mice, p ϭ 0.05 for comparison; Fig. 3B ). These results indicate that deletion of VGLUT3 in cholinergic interneurons strongly attenuates nicotinic signaling in FSIs.
Optogenetic activation of cholinergic interneurons triggers inhibitory GABAergic postsynaptic currents (IPSCs) in MSNs by a disynaptic mechanism (Witten et al., 2010; English et al., 2011; Nelson et al., 2014) . Since the disynaptic IPSC depends on cholinergic neurotransmission, we hypothesized that it might also be decreased in VGLUT3 KO mice. We compared light-evoked disynaptic IPSCs in slices from WT and VGLUT3 KO mice. In WT slices, single light pulses triggered large IPSCs ( Fig. 4A ; 2134 Ϯ 564 pA; n ϭ 7 neurons; n ϭ 5 mice), whereas in VGLUT3 KO slices, IPSCs had significantly smaller amplitudes ( Fig. 4B ; 324 Ϯ 80 pA; n ϭ 16 neurons; n ϭ 6 mice, p Ͻ 0.0001). As predicted from these smaller IPSCs, light pulses had little effect on MSN firing in the VGLUT3 KO slices, in contrast to the robust inhibition of MSN firing in WT slices (Fig. 4 A, B) . These results demonstrate monosynaptic cholinergic currents as well as acetylcholine-dependent disynaptic inhibitory currents are substantially reduced in the absence of VGLUT3. Together, these findings implicate both cholinergic interneurons and more specifically, VGLUT3, in striatal synaptic transmission involving glutamate, acetylcholine, and GABA.
Discussion
We demonstrate that optogenetic activation of dorsal striatal cholinergic interneurons triggers corelease of glutamate and acetylcholine onto FSIs, causing small amplitude excitatory synaptic events. Surprisingly, we find that glutamate released by cholinergic interneurons activates both AMPA and NMDA receptors, compared with glutamate released by corticostriatal afferents, which activates exclusively AMPA receptors. For the first time, we have also directly measured cholinergic currents between these two sparse interneuron populations, and find they are mediated by non-␣7-containing nicotinic receptors. Finally, we now show that both nicotinic currents in FSIs and disynaptic GABAergic currents in MSNs are markedly attenuated in the absence of VGLUT3.
Glutamate corelease by striatal cholinergic neurons may have several roles. First, although glutamate release onto FSIs generates small responses unlikely to generate action potentials, it uniquely activates NMDA receptors. Prior structural evidence suggests that the cholinergic inputs onto FSIs are distinct from other major glutamatergic inputs (Chang and Kita, 1992; Fujiyama et al., 2004) . Interestingly, optogenetic stimulation of cholinergic interneurons also elicits a larger NMDA receptormediated EPSC in MSNs than does stimulation of cortical glutamatergic inputs (Higley et al., 2011) . Thus, direct activation of NMDA receptors by cholinergic interneurons may support distinct forms of synaptic plasticity in both FSIs and MSNs, though the direct glutamatergic response is small in both cell types.
Our findings support a second, and likely more important, role for VGLUT3: synergistic loading of glutamate and acetylcholine into synaptic vesicles. Glutamate transport is thought to enhance the pH gradient across the vesicle membrane, which in turn increases the packaging of acetylcholine by the protondependent VAChT located on the same vesicles (Gras et al., 2008) . Thus, copackaging is predicted to enhance cholinergic neurotransmission. Consistent with this prediction, we show marked reductions in the amplitude of cholinergic currents in VGLUT3 KO mice. Importantly, this reduction in cholinergic transmission also extends to the disynaptic inhibition of MSNs. Large, light-evoked disynaptic IPSCs in MSNs were reported in two prior studies (English et al., 2011; Nelson et al., 2014) , and a barrage of IPSCs was observed in another study (Witten et al., 2010) . Cholinergic interneurons may themselves receive disynaptic inhibition (Sullivan et al., 2008) . IPSCs in MSNs appear to be driven by activation of nicotinic receptors on neurogliaform cells (English et al., 2011) and striatal dopamine terminals, but not FSIs (Nelson et al., 2014) . With this finding in mind, the reduction in disynaptic inhibition of MSNs in the absence of VGLUT3 is likely due to reductions in nicotinic, rather than glutamatergic transmission. The physiologic significance of VGLUT3 and glutamate release in cholinergic interneurons may thus be due to invigoration of striatal cholinergic signaling, and regulation of the larger disynaptic responses. BAC transgenic lines using the ChAT locus have shown increased VAChT expression and behavioral abnormalities (Kolisnyk et al., 2013; Nagy and Aubert, 2013) . Though a potential change in acetylcholine release in our mice may alter the magnitude of light-evoked cholinergic responses, the release is not significant enough to compensate for reductions in cholinergic signaling in the absence of VGLUT3. Thus, we do not believe it fundamentally changes our qualitative description of glutamate-acetylcholine corelease.
VGLUT3 KO mice are hyperactive at night and this behavior can be normalized by systemic anticholinesterase treatment (Gras et al., 2008) . It was hypothesized that loss of VGLUT3 decreased cholinergic signaling and caused hyperactivity. Our data indeed show that VGLUT3 KO mice have attenuated striatal cholinergic transmission. However, recent studies of conditional VAChT KO mice indicate that specific deletion of VAChT in cholinergic interneurons does not affect locomotor activity (Guzman et al., 2011) . In light of these observations, glutamate signaling by cholinergic interneurons may also be required for normal locomotor activity. Since glutamate currents evoked in FSIs are not of sufficient magnitude to cause firing of these neurons, the glutamate may have a more modulatory role through activation of NMDA receptors on FSIs. Future experiments will address more specifically the behavioral impact of VGLUT3 expression by cholinergic interneurons.
